Using optical-optical double resonance and an ultrasensitive ionization detector, we have been able to extensively study a wide range of internuclear distances for the 5 '"8' state of Naz. Using a combination of spectroscopic data and the ab inifio calculations, we have constructed a hybrid potential which has an outer well at shelf region. For this hybrid potential, there are 54 vibrational levels in the inner well (which all have been observed in this work) and 12 vibrational levels in the outer well (of which only the last level has been observed in this work). Above the potential barrier, 78 additional vibrational levels have been observed in this work. These spectroscopic data represent about 99.8% of the potential well depth.
I. INTRODUCTION
Theoretical calculations1P2 show that some 'X$ states of Na, have exotic potential energy curves, which result from complicated avoided crossings between different Rydberg and valence states at short internuclear distances and with the ion pair state (Na+ +Na-) at long intemuclear distances. For the long range portion (near the dissociation limit), the energy is governed by the multipole interactions between two atoms at their asymptote limit, which can be expressed in terms of the C, coefficients.3 Extensive spectroscopic studies of a wide range of intemuclear distances for these 'X.$ states give a better understanding of the interaction between two atoms and provide a stringent test for high quality theoretical calculations. Molecules can also be prepared in intermediate levels for the study of long range interaction in other electronic states (e.g., spin-orbit interaction, predissociation, associative ionization, and energy transfer). In a previous paper,4 we reported preliminary spectroscopic results for the 3, 4, 5, and 6 '2: states of Na,. More than 99.8% of the potential well depth of these states (except the 6 '8: state) was covered and the maximum outer turning points ranged from 16 to 21 A.
The 3, 4, and 5 '2: states were each found to be "shelf" states, in which the potential energy curve appears to almost dissociate at -6-8 A, but then follows the steeply rising "ion pair" configuration at larger distance and then finally truly dissociates to a still higher asymptote at still larger distance. Because the potential shelf is very nearly flat, it is a subtle question whether there is a second (local) minimum (and nearby local maximum) in the shelf region. In the 3 '2: state, we found a shallow local minimum, but in the 4 '"8' state we found no minimum. In this paper, a more detailed analysis of 5 '2: state of Na, will be presented. This detailed analysis indicates the 5 '2: is also a double minimum state. The 5 '2; state of Na, was first calculated by Jeung' in 1983 . He showed an almost linear potential energy curve at 6 to 8 A and a broad shallow second minimum (about 100 cm-' in depth) at 9 to 15 A, followed by the ion pair ( Na+ + Na-) curve, and finally dissociation to the Na( 3s) +Na(4p) limit. Henriet and Masnou-Seeuws' showed a similar potential shape in this state for shorter internuclear distances (below the potential barrier), but did not extend these studies to longer internuclear distances. More recently, Magnier ef aL2 used model potential and pseudopotential calculations to reexamine this state and extend it to large internuclear distances. Both methods showed similar results and agreed with Jeung's calculations. Long range dispersion interactions between the two sodium atoms at the Na( 3s) +Na ( The first nonzero term of the electrostatic interaction energy is a first order repulsive term for n=3, but this is overwhelmed by the second order attractive n =6 term at large internuclear distances. The 5 '2: state of Na, was first observed by Taylor, Jones, and Schawlow7 using two-step pulsed polarizationlabeling spectroscopy to characterize the vibrational quantum numbers O<v<18. In the absence of direct observations, they assigned the asymptotes of this state diabatically to Na( 3s) + Na( 5s). The analogous case of K2 has recently been discussed.8V9 Clearly, the correlation tables and the ion pair curves in particular, lead to major changes in electronic character with internuclear distance. Yan, Sterling, and Schawlow" carefully studied this state later on by using optical-optical double resonance spectroscopy to observe vibrational quantum numbers 6~~~52. These levels remain below the shelf. Although they did not observe the transitions to levels of the outer well, they suggested the existence of this outer well from their data analysis.
In the present work, we combined opticaloptical double resonance and an ultrasensitive ionization detector to explore the 5 '2: state of Na, with O<v(143, which covered about 99.8% of the potential well depth. The existence of the outer well forces the Rydberg-Klein-Rees (RKR) method to fail for energy levels above the potential barrier. A hybrid potential is constructed based on the RKR results for energy levels below the potential barrier, the outer well adapted from Jeung's calculations, and the inverted perturbation approach" (IPA) for energy levels above the potential barrier. The long range potential energy calculated from C,, coefficients is also discussed, and a set of Dunham coefficients for the lower well-behaved portion (O(v(25) of the state given.
II. EXPERIMENT
The optical-optical double resonance experimental setup is shown in Fig. 1 cm). Three dyes, DCM, R6G, and Rl 10 (depending on the frequencies required), were used to PUMP and PROBE selected levels. Residual beams were sent into an I, cell for frequency calibration. While the dye laser was scanned, the system accumulated ion signals, vernier etalon signals from the built-in wavemeter (for scanning continuity), and I2 spectra, simultaneously. The line width of these dye lasers is less than 1 MHz. The uncertainty of line position from the opticakptical double resonance is less than 0.02 cm-'.
When the modulated PUMP laser (chopped at 1048 Hz) was fixed to populate an intermediate level in the A 'Zz state, the PROBE laser was scanned to search for the rovibrational levels in the 5 '2: state:
In order to reach a wide range of vibrational levels (O<v<143) in the 5 '2: state, vibrational levels ranging from u' = 1 to u' = 42 in the A '2: state were chosen as the intermediate levels.
To minimize the unpredictablility of the spectra that represent the shelf region, we used vertical transitions that primarily involve the inner walls of the A '2: and 5 '22 state potentials. Doing this avoids sud- + Na + Naz + e-) or multiphoton ionize (Na: + nhv -+ Na: + e-). l4 The ions were detected with a shielded cylindrical space-charge-limited diode ionization detector.i5 The output signal from the ion detector was monitored by a lock-in amplifier (ITHACO 393) and recorded on a micro-computer.
III. RESULTS AND ANALYSIS
A total of 342 rovibrational levels located between 31 835 and 36 286 cm-' in the 5 'ZSg' state of Na, were found. An abrupt change of vibrational spacing AG,+,,z and rotational constant B, occur at vibrational quantum number v,,&,.,,~ = 54 (v=65 if the count includes vibrational quanta of the outer well). For the lower vibrational levels (&,&~~<52), our results agree well with those in Refs. 7 and 10. The highest rovibrational level reached is 36 286.38 cm-', which is 8.16 cm-' below the dissociation limit Na( 3s) +Na(4p). As expected, there is no single set of Dunham coefficients which can fit all the energy levels observed. A set of Dunham coefficients has been fitted for the well-behaved vibrational levels (O<v<25). Table I lists these constants and the results from Refs. 7 and 10 (experimental results) and from Refs. 1, 5, and 2 (method A) (theoretical calculations) for comparison.
Assuming no local minimum around the shelf, we used the technique described in Ref. 16 to construct the RKR potential curve for this state. Above the shelf, the inner and outer turning points are narrower than those expected from the extrapolation of the RKR potential curve below the shelf. Also with this RKR potential curve, we were not able to reproduce the proper eigenvalues for the energy levels higher than the shelf. The possible existence of a second local minimum must be considered.
From the calculations of Jeung' and Magnier et al,' both potentials showed a broad and shallow outer well about 100 cm-' in depth (referred to the local maximum) at an internuclear distance of R-13.9 A. Also, the experimental analysis of Yan, Sterling, and Schawlow" suggested the possible existence of an outer well. At the shelf region, the B, values observed here ( BG5 is too high for smoothing) are very similar to those in the 3 '"2 state of Na2 (see Fig. 3 in Ref. 17, where Bz4 is too high for smoothing). The 3 '2: state of Naz has a small outer well around the shelf region according to Ref. 17 . The existence of the outer well is clear but the problem is how to construct a potential curve that can produce the eigenvalues and eigenfunctions that fit the observed data.
The RKR potential curve described above is not acceptable for the energy levels higher than the shelf, but is fine for the energy levels that lie a few ( -10 cm-') below the shelf. We are unable to populate the energy levels in the outer well because of our choice to use Franck-Condon factors that involve inner turning points. The first approximation in the construction of the hybrid potential is as follows: Below the shelf, we use the RKR results; for the inner wall above the shelf, we extrapolate the RKR inner wall below the shelf using a third-order polynomial fit; for the outer well and the outer turning points above the local maximum, we adopt Jeung's calculations. Using this hybrid potential curve, we can calculate eigenvalues for com- parison with the spectroscopic data. We kept the outer well fixed since there were no experimental data available. The outer well was shifted up ( -5 cm-') to reproduce the proper eigenvalues around the potential barrier. Above the potential barrier, the inverted perturbation approach (IPA) was introduced to refine the inner and outer turning points of this potential curve. The IPA has been successfully applied to the exotic potential curves of the 2 '8: state" and 3 'Xz state17 of Na, and the E 'Xg' state" of Liz.
The hybrid potential constructed here is able to reproduce the values of G(u) (to 0.1 cm-') and of B, (to 5 x 10m4 cm-'). The experimentally observed data (open circles) and the calculated eigenvalues (dotted points) from this hybrid potential vs J(J+ 1) around the potential barrier are plotted in Fig. 2 . They are in close agreement with the observed data. Figure 3 shows this hybrid potential curve and the theoretical calculations from Jeung' and Magnier et al.' (method A) and the ion pair curve. Table  II lists this hybrid potential energy curve in order of increasing vibrational quantum number. Note that there are four turning points for the vibrational quantum numbers 490465 but we only list the turning points of the inner or outer wells for those levels "located" in each well. At the bottom of Table II , the equilibrium internuclear distance, the local maximum and the local minimum are also listed. 
IV. DISCUSSION
The hybrid potential reported here extends over a wide range of the internuclear distances (R143-=2.572 w to R ,,3+=21.55 A). In its outer well (about 109 cm-' in depth), it has 12 vibrational levels. Figure 4 plots the wave functions of different vibrational levels (61 <v<66) around the local maximum. Evidently, U= 61, 62, 64, and 65 belong to the outer well and v=63 belongs to the inner well. The first level above the local maximum is u= 66. Only the last vibrational level (v=65, localized in the outer well) has significant amplitude in both the inner and outer wells (allowing us to observe it from the inner well).
Figures 5 and 6 show the B, and the G(u) and AG,, 1,2 values (including all the vibrational levels of the outer well), respectively. The AGv+1,2 around the shelf are calculated from the inner and the outer well separately [e.g., AG53+1/2= G(56) -G(53), in the inner well]. The vibrational spacing and the rotational constants of the outer well are rather small ( AG,, 1,2 -10 cm-', B,-0.008 cm-') in comparison with those in the normal inner potential well (W+1/2-100 cm-', B,-0.11 cm-'). The B, values increase (a decrease is usual for a potential curve) as the vibrational quantum number increases for levels in the outer well.
The existence of the potential barrier that separates inner and outer wells has unexpected consequences for the numbering of vibrational quantum numbers. The large difference in the value of B, between inner and outer wells leads to a strong dependence of the vibrational quantum number itself upon J. In Fig. 2 Tsai, Bahns, and Stwalley: The 5 '"8' " shelf" state of Na,
. node counts of their wave functions. There are many "avoided crossing" points for between adjacent vibrational quantum numbers of the inner and outer wells at different J (due to the large difference of B, values). For example, for J< 11, v=49 is an "inner well" level with large B, while v=50 is an "outer well" level with small B,; for J> 11, v=49 is now an "outer well" level and u=50 is now an "inner well" level (Fig.2) . Nearly degenerate eigenvalues occur at J= 11 for v=49 and u= 50. More details of such wave function changes are shown in Ref. 17. The largest internuclear separation achieved is R143+ = 21.548 A, which is just outside the long range Le Roy radius2' [RLR=20.3 A for Na(b) +Na(4p)]. The energy curve can therefore be expressed by long range C,, coefficients.3 Figure 7 shows the long range portion of this potential curve ( + ) and the energy curve (solid line) calculated with Cs and C, coefficients from Ref. 6. The ion pair (broken line) and ab initio calculations (0) from Ref. 2 (method A) are also plotted for comparison. Although the last outer turning point ( Ri4s+ ) lies outside the Le Roy radius, the energy curve calculated from the Cs and C, coefficients is in poor agreement with the experimental results. The ab initio calculations from Magnier et aL2 seem to be in better agreement with this hybrid potential. There are several reasons for the poor fit using C,, coefficients. For the Na( 3s) + Na( 4p) asymptote, the first-order nonzero term of the electrostatic interaction energy varies as Rm3 (Ref. 21) . However, the first-order interaction (Cs) appears to be small compared with the second-order interaction (C,) in Ref. 6. The ion pair extends to very large internuclear distance for the energy at Na( 3s) + Na(4p) limit. Furthermore, the avoided crossing may also lower the potential curve. Another possibility is that our hybrid potential is not yet quite correct. It could be improved if more data were available, especially unseen energy levels in the outer well that do not have significant tunneling amplitude with the inner well. One way to probe this outer well directly would be to populate higher vibrational levels in the intermediate A 'Zz state which have large outer turning points. Using all-optical triple resonance,22 one can populate a very high level in the A '2: state though thermally inaccessible levels in the ground state X '2:. Once the higher level (with a large internuclear distance) of the intermediate A '8: state is populated, a fourth laser can be introduced to probe the levels in the outer well of the 5 'X.8' state. Similar conditions were described in Ref. 13.
